Purpose. It is known that the arnB (or pmrH) gene encoding uridine 5¢-(beta-1-threo-pentapyranosyl-4-ulose diphosphate) aminotransferase plays a critical role in colistin resistance in Pseudomonas aeruginosa through the addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to lipid A. In this study, we attempted to obtain a colistin-resistant mutant from an arnB-deleted mutant through exposure to colistin.
INTRODUCTION
Pseudomonas aeruginosa is one of the most common hospital-acquired pathogens, and causes pneumonia, urinary tract infections, surgical site infections and bloodstream infections [1] . It has the ability to develop resistance to multiple classes of antibiotics, and multidrug-resistant (MDR) P. aeruginosa infections are difficult to treat [2] . Polymyxins, polymyxin B and colistin (Cst), are regarded as one of the last resorts to treat MDR gram-negative pathogens, including P. aeruginosa [3] . These drugs comprise a family of antimicrobial cyclic oligopeptides synthesized by Bacillus polymyxa that bind to the lipopolysaccharides (LPS) of the Gram-negative outer membrane, invoking membrane permeabilization and diffusion of peptides across the periplasm [4] . Disruption of cellular respiration through the insertion of polymyxins results in cell lysis and death [5] . Although polymyxin resistance rates are relatively low, the emergence of polymyxin-resistant P. aeruginosa isolates has been reported in many parts of the world with the increased use of polymyxins [6] [7] [8] .
It is known that Cst resistance (Cst R ) occurs by modification of lipid A, a component of the LPS, resulting in a reduction in the net negative charge of the outer membrane [9] [10] [11] . In P. aeruginosa, the arnBCADTEF-ugd (or pmrHFIJKLME) operon plays a critical role in Cst R through the synthesis and addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to lipid A [12] . The gene formerly known as pmrH (meaning 'polymyxin resistance') was renamed arnB (meaning 'LAra4N biosynthesis') to provide a description of the gene product through updated annotation, based on genome analysis of Escherichia coli K-12 [13] . Henceforth, arnB will be used in this paper. It is regulated by a two-component regulatory system, including PhoPQ, PmrAB, ParRS and CprRS in P. aeruginosa [14] [15] [16] [17] [18] . As we have shown, Cst R is developed through alternative or compensatory pathways, even if one of these two-component regulatory systems is inactivated [19] . All the previously isolated Cst R mutants in the absence of those four two-component systems expressed increased amounts of the arnB encoding uridine 5¢-(beta-1-threo-pentapyranosyl-4-ulose diphosphate) aminotransferase [19] .
Although previous studies have exhibited the importance of arnB for Cst R in P. aeruginosa [18, 19] , it is not clear if it is indispensable. Thus, we attempted to obtain a Cst R mutant from an arnB-deleted mutant through exposure to Cst to determine if Cst R can be developed through alternative pathways. The Cst R mutant showed the addition of LAra4N to lipid A, and exhibited physiological variations compared to its parental strain.
METHODS
Bacterial strains, plasmids and culture conditions All of the bacterial strains and plasmids used in this study are listed in Table 1 . The Cst-susceptible (Cst S ) P. aeruginosa isolate P5 was used as the parental strain [19] . The strain P5 is a clinical isolate from a patient with bacteremia, and showed typical nucleotide sequences and mRNA transcription levels of pmrA and phoP for Cst susceptibility. In addition, it was easy to select Cst R from the Cst S P5 strain with a few serial passages in increasing Cst concentrations. Bacteria were routinely grown in Luria-Bertani (LB) broth or agar at 37 C, with the exception of P5 harbouring the plasmid pHK1014 (grown at 30 C).
Construction of the deletion mutant
To construct the arnB deletion mutant, P5DarnB :: nptIII, allelic replacement mutagenesis was performed as described previously [20] . Briefly,~500 bp chromosomal DNA segments from the left and right regions of the target gene were amplified by PCR using oligonucleotide primers (Table 2) . Twenty nucleotides from the 5¢-and 3¢-regions of the cassette were added to the reverse primer for the left fragment, and to the forward primer for the right fragment. To replace and inactivate the target gene, a kanamycin resistance gene cassette (904 bp) was used, which was amplified from the chromosomal DNA of Enterococcus faecalis ATCC 51299. After two-step PCR, the final PCR product was transformed into competent cells harbouring the helper plasmid pHK1014, which has the aacC1 gene and is the origin of replication from pUCP18 [21] , and encodes the lRed recombinase, which functions in the stimulation of homologous recombination from pKD46. The plasmid pKD46 expresses the Red system to yield a great number of recombinants and avoid unwanted recombinational events [22] . Homologous recombination between the construct and the target gene in the chromosome was forced using the electroporation transformation method. Kanamycin-resistant transformants, that is, strains containing plasmid pUCP18, were selected on LB agar plates supplemented with 800 mg l À1 kanamycin. Transformants were confirmed by colony PCR.
Selection of Cst R mutants
Cst R mutants, P5R and P5DarnB :: nptIII-Cst R , were selected in vitro from P5 and P5DarnB :: nptIII strains, respectively, by increasing the concentration of Cst in the LB broth. The detailed procedure for the selection of Cst R mutants was described in our previous paper [19] . Briefly, approximately 10 6 c.f.u. ml À1 from overnight cultures of Cst S strains was inoculated in LB medium without Cst, and incubated overnight with vigorous shaking at 37 C. These overnight cultures of Cst S isolates were diluted 1 : 100 into fresh LB medium with or without a sub-inhibitory concentration of Cst (1 mg l
À1
) and incubated overnight. Serial daily passages in LB broth with increasing concentrations of Cst (from 1 to 64 mg l
) were then performed sequentially for 7 days.
Determination of Cst R rate
To determine the selection rate of Cst R mutants from Cst S strains (P5 and P5DarnB :: nptIII), Cst was used at concentrations of 1, 8 and 10 mg l
À1
. Approximately 10 6 c.f.u. ml À1 from overnight cultures of Cst S strains was inoculated in LB medium without Cst, and incubated overnight with vigorous shaking at 37 C. These overnight cultures of Cst S isolates were diluted 1 : 100 in fresh LB medium with 1 mg l À1 in the [19] absence and presence of Cst. After 20-24 h of incubation, each broth culture was serially diluted and plated on LB agar to determine the number of colony-forming units (CFUs).
Simultaneously, broth cultures with 1 mg l À1 Cst were diluted 1 : 100 in fresh LB medium with 8 and 10 mg l À1 in the absence and presence of Cst. After 20-24 h of incubation, each broth culture was serially diluted and plated on LB agar to determine the number of CFUs. The number of CFUs from LB broth without Cst was used as a control.
Antimicrobial susceptibility testing
In vitro antimicrobial susceptibility testing was performed by a broth microdilution method according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [23] . Fifteen antimicrobial agents were tested, including Cst, polymyxin B, imipenem, meropenem, doripenem, piperacillin/tazobactam, ampicillin/sulbactam, cefepime, ceftriaxone, ceftazidime, cefoperazone/sulbactam, tetracycline, ciprofloxacin, amikacin and rifampin. Susceptibility was defined according to CLSI breakpoints. Escherichia coli ATCC 25922 and P. aeruginosa ATCC 27853 were employed as reference strains. All tests were repeated with three independent cultures, and each was tested in duplicate.
Growth rate determination
To measure the growth rate, overnight cultures of each strain were diluted 1 : 100 in 100 ml LB medium, and incubated with vigorous shaking at 37 C. The OD 600 was measured every 30 min up to 10 h after inoculation. The final OD 600 value was measured 20 h after inoculation.
Lipid A isolation and structural analysis Lipid A was extracted using the ammonium hydroxide-isobutyric acid method, as previously described [24] , and subjected to matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. The structure of lipid A was analysed using MALDI-TOF mass spectrometry in negative-ion mode [25, 26] . All MALDI-TOF analyses were performed on a Bruker Ultraflex III TOF/TOF mass spectrometer (Bruker Daltonics, Coventry, UK) using FlexControl 3.0 acquisition software. The matrix used for lipid A analysis was 2,5-dihydroxybenzoic acid (DHB; Sigma Chemical Co., St. Louis, MO, USA). DHB solution (10 mg ml
À1
) was prepared using a mixture of water : acetonitrile (1 : 4, vol/vol). All lipid A samples were mixed with DHB solution at a volume ratio of 1 : 1 and 1 µl of the resulting mixture was spotted on the MALDI metallic target. Lipid A from E. coli F583 (Sigma) was used as an external standard to calibrate mass.
Biofilm formation assay
To assess biofilm formation, 96-well microtiter plate assays were performed as previously described [27] , with minor modification. Briefly, overnight cultures were diluted 1 : 100 in Luria-Bertani medium supplemented with 0.5 % glucose. Each sample (200 µl) was inoculated into the wells of a 96-well flat-bottom polystyrene plate and incubated for 18 h at 37 C. The planktonic bacteria from each well were removed and the wells were gently washed with PBS and air-dried twice. A well with sterile LB lacking bacteria served as a control. The biofilm formation level was visualized by staining with 0.5 % crystal violet for 15 min and resuspended by adding 200 µl of 95 % ethanol. The absorbance at 600 nm (A 600 ) of the extracted crystal violet was then measured by a microplate reader, resulting in a measure of biofilm formation (relative to the control). A well to which sterile LB lacking bacteria was added served as a control. Experiments were performed in duplicate and repeated three times independently.
Stress assays
We evaluated cell viability under stressful conditions, such as osmotic, oxidative, acidic and heat stress, as previously described [28] . For each assay, log-phase cells (OD 600 0.5) were used. NaCl (5 %), 20 mM of H 2 O 2 , or HCl (1 %) were used for osmotic stress, oxidative stress, or acidic stress assays, respectively. For the heat-stress assay, cells were incubated at 42 C with vigorous shaking. Cell viability was determined at 24 h after the injection of each chemical or the onset of heat stress using a VICTOR3 multilabel counter (PerkinElmer, Massachusetts, USA).
Quantitative RT-PCR
The expression levels of phoP, pmrA, parR and cprR were determined by quantitative reverse transcription PCR (qRT-PCR) as described previously [19] . Total RNA of P. aeruginosa strains were extracted from the mid-log-phase bacterial culture (optical density at 600 nm of approximately 0.5) using the Qiagen RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Purified RNA was quantified spectrophotometrically. Reverse transcription reactions were performed in accordance with the protocol for the use of Omniscript reverse transcriptase (Qiagen, Hilden, Germany). Quantification of phoP and pmrA transcripts was performed using SYBR Green PCR master mix (Applied Biosystems, Foster City, CA, USA) and the ABI7300 sequence detection system (Applied Biosystems) with previously designed primers [19] . The expression levels for the target genes were analysed via the comparative CT method and the expression of the 30S ribosomal gene rpsL was assessed in parallel for normalising transcriptional levels of the target genes. Experiments were repeated with three independent cultures, and each was tested in duplicate.
Statistical analysis
The data are presented as mean±standard deviation. Pairwise comparison was performed with a one-way analysis of variance (ANOVA) using Prism version 5.01 software for
Windows (GraphPad Software, San Diego, CA, USA). Pvalues of <0.05 were considered statistically significant.
RESULTS
The construction of the arnB deletion mutant, selection of Cst R and arnB gene growth rates were previously shown to play an essential role with several two-component regulatory systems involved in Cst R . We constructed an arnB deletion mutant (P5DarnB :: nptIII) through allelic replacement mutagenesis. arnB deletion was confirmed by PCR and qRT-PCR (Fig. S1 , available in the online Supplementary Material). Compared with the wild-type (WT) strain P5, P5DarnB :: nptIII showed increased susceptibility to several antimicrobial agents, including piperacillin/tazobactam, cefepime, ceftriaxone, ceftazidime, cefoperazone/sulbactam The growth rates of the P. aeruginosa wild-type strain P5 and P5-derived mutants (P5R, P54arnB :: nptIII and P54arnB :: nptIII-Cst R ), which were monitored at 37 C by absorbance at OD 600 .
and ciprofloxacin (Table 3 ). No differences were observed for resistance to carbapenems.
Cst R -associated survival rates were evaluated for both the Cst S WT strain P5 and a P5DarnB :: nptIII strain (Fig. 1a) . P5 showed a two-fold higher survival rate than P5DarnB :: nptIII in media containing 1 mg l À1 Cst, and the difference between their survival rates increased (0.00816 vs 34.1 %) when they were cultured in media with 8 mg l À1 Cst using the surviving mutants from culture with 1 mg l À1 Cst. Both of the Cst R mutants which survived the Cst-containing media, P5R and P5DarnB :: nptIII-Cst R , showed Cst MICs of >64 mg l
À1
.
The growth curves were determined with four strains (Fig. 1b) . Compared to other strains, P5DarnB :: nptIII showed a similar growth rate despite a longer lag phase and lower maximum density. Three mutants, P5DarnB :: nptIII, P5R and P5DarnB :: nptIII-Cst R , showed a unique growth pattern. The growth of the mutants reached its maximum at 9 h after inoculation, and subsequently decreased and was further maintained after 10 h. Such a phenomenon was not observed for the growth of WT strain P5.
Lipid A analysis of arnB deletion and Cst R mutants
To compare the changes in the lipid A structure in LPS between two Cst R mutants, MALDI-TOF mass spectrometry was performed for the four strains (Fig. 2) . Compared to P5, P5R showed two additional peaks, 1577 and 1815 m/z (Fig. 2a) , which indicated the addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N) to penta-acylated lipid A (1446 m/z), and palmitate (C16 : 0) addition (1684 m/z) (Fig. 2c) . P5DarnB :: nptIII showed a different lipid A structure, in that the peak of 1684 m/z, corresponding to palmitate addition, was very low (Fig. 2b, c) . Thus, a peak of 1815 m/z, which indicates the addition of L-Ara4N to lipid A with palmitate added, was not detected in P5DarnB :: nptIIICst R (Fig. 2b, c) .
Biofilm formation and resistance to stresses
For biofilm formation, P5R, P5DarnB :: nptIII and P5DarnB :: nptIII-Cst R showed higher biofilm-forming activity than WT strain P5; however, this was not significant (Fig. 3) .
The results regarding survival in the presence of stressful conditions were inconsistent among the four strains. Two Cst R mutants (P5R and P5DarnB :: nptIII-Cst R ) showed higher survival rates than the Cst S strains (P5 and P5DarnB :: nptIII) against osmotic stress (5 % NaCl) (Fig. 4a ). In contrast, an arnB-deleted Cst S mutant (P5DarnB :: nptIII) showed a higher survival rate against oxidative stress (20 mM H 2 O 2 ) than the other strains (Fig. 4b) . For acidic and heat stress, P5DarnB :: nptIII-Cst R exhibited higher survival rates against 1 % HCl and 42 C than the other strains (Fig. 4c, d) .
Expression of the phoP, pmrA, parR and cprR genes Both phoP and pmrA genes were significantly overexpressed in both in vitro selected Cst R mutants (Fig. 5) . However, the expression levels of parR and cprR did not differ between the WT strain and the mutants. P5R showed elevated expression of phoP (14.6-fold) (P-value, 0.0081) compared to its Cst S parent strain P5 (Fig. 5a ), as did P5DarnB :: nptIII-Cst R compared to P5DarnB :: nptIII (83.5-fold) (P-value, <0.0001) (Fig. 5a ). The expression of pmrA was also elevated in both Cst R mutants (25.6-and 14.2-fold, respectively) compared totheir Cst S counterparts (Pvalues, 0.0031 and 0.0082, respectively) (Fig. 5b) .
DISCUSSION
Several studies have revealed that two-component regulatory systems, such as PhoPQ, PmrAB, ParRS and CprRS, are involved in Cst R in P. aeruginosa [14] [15] [16] [17] [18] . These regulatory systems stimulate the arnB operon, which results in the addition of L-Ara4N to lipid A, and facilitates a reduction of the net negative charge of the outer membrane [3] . All in vitro selected Cst R mutants, produced from strains with inactivation of one of these two-component regulatory systems, showed overexpression of the arnB gene [19] . However, it is not clear if the overexpression of the arnB gene is indispensable in Cst R in P. aeruginosa. The results from this study suggest that Cst R mutants can arise in the absence of arnB through the addition of L-Ara4N to lipid A, despite its low mutation rate. In different bacterial organisms than P. aeruginosa, the development of Cst R has been repeatedly reported [29, 30] . In most studies, Cst R can occur by a change of charge in the outer membrane due to the addition of L-Ara4N or phosphoethanolamine to the lipid A of the LPS, including the recently found mcr-1 in plasmid [9] [10] [11] 31] . However, the mechanisms of resistance have not yet been revealed in some Cst R isolates [29] .
Modification of the LPS and cell membrane due to arnB deletion may affect the physiological responses to various environmental stresses. Thus, we compared the responses to osmotic, oxidative, acidic and heat stress. The physiological changes after arnB deletion and in vitro selection of Cst R might be very complex. Tolerance against osmotic stress (5 % NaCl) increased in both Cst R mutants irrespective of arnB deletion, which might be due to changes in the cell membrane that occurred during the acquisition of Cst R . However, tolerance against oxidative stress (20 mM H 2 O 2 ) might not be influenced by such cell membrane changes. Tolerance against acid (1 % HCl) and heat (42 C) was only shown in P5DarnB :: nptIII-Cst R ; however, the associated mechanism is also not clear at this time. It is probable that the arnB operon might be functionally associated with many other genes that influence diverse physiological activities, including virulence, in P. aeruginosa. In addition, development of Cst R might be accompanied by diverse physiological changes in the bacteria, many of which are probably associated with cell membrane changes. Such complex changes might Fig. 3 . Biofilm formation activity. For the biofilm formation activity of P. aeruginosa wild-type strain P5 and P5-derived mutants (P5R, P54arnB :: nptIII and P54arnB :: nptIII-Cst R ), the absorbance at 600 nm was investigated in 96-well microtiter plates using the crystal violet staining method. Error bars were derived from three independent assays. unexpectedly affect antimicrobial susceptibility in mutants. The mechanisms behind such physiological changes were not investigated in this study. We are now exploring the mechanisms regulating physiological changes during the development of Cst R and their microbiological and clinical relevance.
Based on qRT-PCR analysis, the genes encoding PhoPQ and PmrAB two-component regulatory systems, which are known to be responsible for Cst R , were activated in P5DarnB :: nptIII-Cst R as well as in the P5R strain. It is known that phoPQ and pmrAB are activated by cationic antimicrobial peptides, including Cst [32] . Transcription of the arnBCADTEF-ugd operon, which is regulated by phoPQ and pmrAB, results in Cst R by the addition of LAra4N [14] . Thus, phoPQ and pmrAB, which are located in the upstream of arnB, might respond to Cst in arnBdeleted mutants, as in a WT strain. However, we could not find other genes that encode the protein with a function of arabinose transferase in the genome of PAO1 or P5. It is hypothesized that the addition of LAra4N to lipid A, resulting in Cst R , might be due to the alternative function of another protein. Further, we tried to identify the genes associated with Cst R in P. aeruginosa with deleted arnB. In a previous study, rfaD gene encoding ADP-L-glycero-D-manno-heptose-6-epimerase was reported to be associated with LPS modification [33] . We compared the expression of the rfaD gene in the four strains by qRT-PCR. As a result, the rfaD gene was overexpressed in the Cst R mutants (P5R and P5DarnB :: nptIII-Cst R ) by >10-fold,compared with their Cst S strains (P5 and P5DarnB :: nptIII). Other genes, including rfaD, may be responsible for LPS modification and Cst R .
In summary, we found that Cst R could be obtained in an arnB-deleted mutant, albeit with low efficiency, indicating that other gene(s) encoding proteins with arabinose transferase activity might exist in P. aeruginosa. In addition, the arnB operon might be associated with diverse biological Whereas the survival rate against oxidative stress was evaluated by colony counting, those against osmotic, acidic and heat stress were evaluated by absorbance at OD 600 . Error bars were derived from three independent assays. *P<0.05, **P<0.01.
features, as physiological changes also accompanied Cst R in these bacteria. Our study implied that there may be other mechanisms for the addition of L-Ara4N to LPS in the Cst R of P. aeruginosa. . Error bars were derived from three independent assays, each performed in duplicate. *P<0.05, **P<0.01, ***P<0.0001.
